We analyzed DNA variation at the acidic chitinase ( ChiA ) locus of Arabis gemmifera and among its eight related species. Nucleotide diversity ( π ) of the entire locus in A. gemmifera was 0.0032, which was one third that of A. thaliana . In A. gemmifera , an excess of unique polymorphisms yielded significantly negative results with the tests of Tajima and Fu and Li. The McDonald and Kreitman test revealed that the ratio of nucleotide replacement to synonymous changes in A. gemmifera was significantly greater than those between A. gemmifera and A. glabra , A. gemmifera and A. griffithiana, A. gemmifera and A. korshinskyi , A. gemmifera and A. wallichii , and A. gemmifera and A. himalaica . These results indicated that the neutrality assumption, the equilibrium population assumption, or both, could not be applied to the ChiA locus of A. gemmifera . The small size and relative isolation of local subpopulations of A. gemmifera could explain the excess of unique polymorphisms and the high proportion of replacement changes. The specific sampling scheme of this study, where one strain each was sampled from each local subpopulation might also have led to an excess of singletons. Interspecific comparison among Arabidopsis , Arabis and Cardaminopsis species showed that Ka was always lower than Ks , providing evidence against the adaptive evolution of ChiA . However, Ka/Ks was greater between closely related species than between more distant related species. ChiA had a higher level of replacement divergence and a lower level of synonymous divergence compared than did Adh . We suggest that both the mutation rate at the nucleotide level and the selective constraints at the protein level are lower in ChiA than in Adh .
INTRODUCTION
Arabidopsis thaliana has been used as a model system for the study of plant molecular biology and physiology (Meyerowitz and Somerville, 1994) . This species is an excellent system for the study of DNA variation because many of its loci have been analyzed in detail. The first DNA polymorphism found in A . thaliana was reported in the alcohol dehydrogenase ( Adh ) gene (Hanfstingl et al., 1994; Innan et al., 1996) . Subsequently, other loci were analyzed for intraspecific DNA variation (Kawabe et al., 1997; Suddith, 1998, 1999; Kawabe and Miyashita, 1999; Kawabe et al., 2000; Kuittinen and Aguadé, 2000) . However, a better understanding of the maintenance mechanisms of genetic variation and the evolutionary history of a species in general requires a comparative analysis of polymorphism in related species.
Arabis gemmifera is one of the closest relatives of A . thaliana (Miyashita et al., 1998; Koch et al., 2000) and has been used to analyze polymorphisms on the Adh gene Miyashita, 2001) . A . gemmifera is an outcrossing perennial species that grows in humid habitats, whereas A . thaliana is a selfing annual species that grows in open spaces. The nucleotide diversities ( π ) of the entire and coding regions of Adh in A . gemmifera (0.0054 and 0.0026, respectively) are lower than those in A . thaliana (0.0080 and 0.0056, respectively, Innan et al., 1996) . In A . gemmifera Adh , a high proportion of replacement polymorphisms were observed, and there was a significant difference between the ratio of replacement to synonymous changes in A . gemmifera and between A . gemmifera and A . thaliana by the McDonald and Kreitman test (1991) . In addition, the D statistic of Tajima's test (1989) was significantly negative for the Adh locus of A . gemmifera , whereas the values for the Adh gene of A . thaliana did not reach significance. Miyashita et al. (1996) suggested that these different pat-terns of DNA polymorphism were due to different ecological niches (different selective pressures) between A . thaliana and A . gemmifera or to reduced population size and limited migration of A . gemmifera . If population structure influences the pattern of DNA polymorphism, other chromosome regions would be expected to have an excess of singleton sites and a high proportion of replacement polymorphisms similar to Adh . To clarify the differences in DNA polymorphism patterns between A . thaliana and A . gemmifera , polymorphisms at other loci should be studied in A . gemmifera and compared with those in A . thaliana .
In this study, we analyzed nucleotide polymorphisms in the acidic chitinase ( ChiA ) locus of A . gemmifera . Plant chitinases catalyze the hydrolysis of chitins and play an important role in plant defenses against fungal pathogens (Collinge et al., 1993) . This function differs from that of ADH, which is induced by changes in temperature, moisture, and oxygen concentration (Dolferus et al., 1994) and is important for anaerobic metabolism. The level and patterns of polymorphisms in the ChiA region in A . thaliana and the divergence among A . thaliana and three Arabis species have been reported (Kawabe et al., 1997) . In the ChiA region of A . thaliana , Tajima's D s were significantly negative for the entire, noncoding, and coding regions due to the high frequency of singleton sites. When Ci-0, an ecotype with many unique mutations, was eliminated from the comparisons, the ratio of replacement to synonymous changes in A . thaliana was significantly higher than that between A . thaliana and Arabis glabra by the McDonald and Kreitman test. These DNA polymorphism patterns in ChiA were not related to the function of chitinases because another chitinase locus, basic chitinase ( ChiB ), had different patterns compared with those of the ChiA locus (Kawabe and Miyashita, 1999) .
In the ChiB locus, DNA variation was reported among 14 Arabis species (Bishop et al., 2000) . The ChiB locus often had greater replacement divergence than synonymous divergences, and an unexpectedly high number of replacement changes were found in the active site and substrate-binding cleft. Bishop et al. (2000) suggested that rapid adaptive evolution of the active sites occurred in class I chitinases (including ChiB ). They also compared class III chitinases (including ChiA ) from various plant species and concluded that adaptive evolution did not occur in class III chitinases because there was not a significant number of amino acid changes in the catalytic domains.
The present study has two goals. The first is that the DNA polymorphism pattern of A. gemmifera implied from the Adh locus, excess of singletons and a high proportion of replacement polymorphic sites, were examined for the ChiA region. However, similar results were observed in the ChiA region of A. thaliana when the ecotype Ci-0 was excluded from analyses. There are two differences in polymorphism patterns between Adh of A. gemmifera and ChiA of A. thaliana. The level of polymorphism in ChiA of A. thaliana at replacement sites when Ci-0 was excluded was approximately one half that at synonymous sites; however, the levels of both replacement and synonymous polymorphisms were nearly identical in Adh of A. gemmifera. The ratio of singleton to nonsingleton polymorphic sites (58:22) in ChiA of A. thaliana when Ci-0 was excluded was significantly different from that in Adh of A. gemmifera (47:4).
The second goal was to analyze the pattern of adaptive evolution of plant chitinases suggested by the ChiB gene. Although the catalytic sites of class III chitinases do not appear to have high number of replacement changes (Bishop et al., 2000) , the ChiA locus has been shown to have relatively high replacement divergence between A. thaliana and the Adh loci of three Arabis species (Kawabe et al. 1997 ). Molecular evolutionary study of ChiA in additional Arabis and Arabidopsis species offers a good opportunity to understand the evolutionary history of plant chitinases.
MATERIALS AND METHODS
Plant materials. Fourteen strains of A. gemmifera and one strain each of four Arabidopsis species (A. griffithiana, A. himalaica, A. korshinskyi, and A. wallichii) and one strain of Cardaminopsis petraea were used in this study (Table 1) . These six species were grown in soil pots in an incubator under 16-hr light and 8-hr dark conditions. Fourteen A. gemmifera strains were sampled from Kyoto (Accession code: Shizuhara), Shiga (Taihei16), Osaka (Minou3, Minou4, Minou6, and Minou7), Ibaraki (Ryujin2), Niigata (Tsugawa), Yamagata (Fukasawa and Mazawa), Iwate (Morioka), Akita Kawabe et al. (1997) A. glabra 1 see Kawabe et al. (1997) Arabidopsis A. thaliana 17 see Kawabe et al. (1997) A. griffithiana 1 unknown (JS3)
Cardaminopsis petraea 1 Strosanden1, Sweden a : Number of strains used in this study. Accession code of SASSC is shown in the parentheses.
(Yatate), Miyagi (Okunikkawa), and Hiroshima (Uga) prefectures in Japan. Without the four Minou strains, one strain was isolated from each local subpopulation of A. gemmifera.
DNA sequencing. Total DNA was purified as described in Miyashita et al. (1998) and used for PCR amplification of a 1.8 kb fragment encompassing the entire coding region of the ChiA locus. PCR products were cloned into pUC18 as described by Terauchi et al. (1997) . We use primers ACH-3 and ACH-101 (Kawabe et al., 1997) to amplify DNA from nine strains of A. gemmifera and one strain of C. petraea. We used primers ACH-3 and ACH-102 (5' CCA TAA CGA TTC TTT TCA CAC 3') to amplify DNA from the other five strains of A. gemmifera and one strain each of five Arabidopsis species. Use of the ACH-102 primer avoided inclusion of the 3' flanking region in the PCR products. Nucleotide sequences were determined as described by Kawabe and Miyashita (1999) . Singleton variations were confirmed by sequencing at least two clones to eliminate PCR artifacts. Newly determined sequences were deposited in the DDBJ database under accession numbers AB080749-AB080767.
Data analysis. The DNA sequences of 17 ecotypes of A. thaliana and one strain each of three Arabis species (A. gemmifera, A. lyrata ssp. kawasakiana, and A. glabra) described in Kawabe et al. (1997) were also included in the analysis. The nucleotide sequence between positions 858 and 2657 of the published sequence of A. thaliana ChiA (ecotype Columbia, GenBank accession M34107: Samac et al., 1990) was analyzed. In the present study, the initiation site of the coding sequence was assigned position 1. The DnaSP program (version 3.5, Rozas and Rozas, 1999) was used to analyze intra-and interspecific variations. Nucleotide diversity (π: Nei and Li, 1979; Tajima and Nei, 1984) was estimated after excluding length variations. Because sequences of four strains of A. gemmifera did not include 3' flanking region, to calculate π, K for entire region and noncoding region was estimated by using 11 sequences for 3' flanking region and 15 sequences for other regions and the sum of K was divided by corresponding nucleotide length. The tests of Hudson, Kreitman, and Aguadé (1987), Tajima (1989) , McDonald and Kreitman (1991) , and Fu and Li (1993) Fig. 1. Polymorphisms in the ChiA region of A. gemmifera. DNA variations are shown as vertical bars with replacement changes and indels indicated with closed circles and triangles, respectively. and indicate insertion and deletion compared to consensus sequence, respectively. DNA variations are summarized at the bottom; dots indicate bases identical to the consensus. Position 1 is the translation start site. d, deletion; i, insertion; r, replacement substitution. The deletions at sites -103 and -69 and the insertion at site 30 were TTAAA, GATAAGATT, and GT, respectively. were performed to examine the neutral hypothesis. Genetic distances between ecotypes and species were estimated by Jukes and Cantor method (1969) with MEGA2 software (Kumar et al., 2000) . The neighbor-joining (NJ) tree (Saitou and Nei, 1987) was constructed with MEGA2. Bootstrap probabilities with 500 replications were obtained for each internal branch. Adh sequences from Miyashita et al. (1998) were used to analyze differences in DNA variation between ChiA and Adh . In both ChiA and Adh , average values were estimated from all the interspecific comparisons when more than one sequence could be identified in a species.
RESULTS
Nucleotide polymorphism in the ChiA region of A . gemmifera . There were 43 nucleotide variations and eight length variations in the ChiA region of A . gemmifera , (Fig. 1 ). There were 16 nucleotide variations (five synonymous and 11 replacement) in the ChiA coding region. No indel (insertion and deletion) variations were observed in the coding region. All the nucleotide variations except one were singleton. The nonsingleton site, located in the third exon, was detected in two Minou strains (Minou 3 and Minou 7) that were sampled in the same location. The predominance of singletons caused significantly negative results in both Tajima's ( D = -2.374, p < 0.01) and Fu and Li's ( D * = -3.209, p < 0.02) tests. These findings indicate that the null hypotheses for these tests, neutrality and population equilibrium, were not supported in the ChiA region of A . gemmifera .
DNA polymorphism levels in the ChiA region in A . gemmifera and A . thaliana are summarized in Table 2 . The nucleotide diversity ( π ) of the entire ChiA region in A . gemmifera was 0.0032, which is one third of that of A . thaliana ( π = 0.0109). The nucleotide diversity ( π ) of the coding region of A . gemmifera was 0.0025, which was also less than that of A . thaliana (0.0067). The nucleotide diversity could be represented as 4N e µ (Tajima, 1989) according to the neutral hypothesis. The low level of DNA polymorphism in A . gemmifera suggests that the population size of A . gemmifera is smaller than that of A . thaliana , provided that mutation rates are similar between the two species and both populations had reached a state of equilibrium.
Patterns of DNA variation between species. We used the McDonald and Kreitman (MK) test (1991) to determine whether the ratio of replacement to synonymous variations in A . gemmifera was consistent with polymor- : from Kawabe et al., (1997) . Number of mutations is shown in the parentheses. (Table 3) . Most tests yielded significant results; however, this significance was not maintained after the Bonferroni correction. Significance was due to a high proportion of replacement polymorphic sites in A. gemmifera and indicated that the pattern of replacement and synonymous changes within A. gemmifera was discordant with those fixed between species. However, results of the MK test were not significant when A. lyrata, C. petraea, and A. thaliana were used as comparison species because of the rather high proportion of replacement fixed differences. Because these three species are related to A. gemmifera more closely than other species compared, it is possible that the selective constraint of CHIA has already been reduced in ancestral populations of these species. The phylogenetic tree of the nine species generated on the basis of DNA variation in the ChiA coding region is shown in Figure 2 . In the NJ tree, A. gemmifera, A. lyrata ssp. kawasakiana, and C. petraea are the closest relatives of A. thaliana (Miyashita et al., 1998; Koch et al. 2000) . Genera Arabis, Arabidopsis, and Cardaminopsis Kane et al., 1995; Al-Shehbaz et al., 1999) . The topology of the ChiA phylogenetic tree is nearly identical to those of previously reported regions (Miyashita et al., 1998; Koch et al., 1999 Koch et al., , 2000 .
No evidence for adaptive evolution of ChiA. To analyze whether the higher replacement divergence observed in the ChiB region, where Ka was greater than Ks was observed in 85 of 231 comparisons (36.8%, Bishop et al., 2000) , was also present in the ChiA region, we calculated the ratios of divergence between replacement and synonymous sites (Table 4 ). The levels of synonymous divergence were higher than those of replacement divergence in all species pairs, indicating that the patterns of withinspecies and between-species variations were different between the two chitinase genes. However there were some similarities between our results and those of Bishop et al. (2000) . The Ka/Ks ratio of ChiA was high in recently diverged species pairs. The Ka/Ks ratio was greater than 0.7 between A. gemmifera and A. lyrata ssp kawasakiana (Ks = 0.0062) and between A. wallichii and A. himalaica (Ks = 0.0146). In the ChiB region, most instances of Ka > Ks were observed when Ks < 0.02 (Bishop et al., 2000) . When intra-species variations were considered, Ka was higher than Ks in 26.5% (36/136) of A. thaliana strain pairs and 53.3% (56/105) of A. gemmifera strain pairs. These results indicate that replacement changes in the ChiA locus occurred at relatively high rates within short periods of divergence. However, most of the intra-species comparisons in which Ka > Ks were due to absence of synonymous differences. The high proportions of replacement changes in the ChiA locus within species may be due to the low selective constraint of CHIA, the population structure of A. thaliana and A. gemmifera, or both.
Comparison of DNA variations between Adh and
ChiA. We used the Hudson, Kreitman, and Aguadé test (1987) to determine if the levels of DNA polymorphism were consistent with those of divergence between Adh and ChiA (Table 5) . None of the results were significant. Thus, the ratio of polymorphism to divergence was not different between Adh and ChiA. It is known that genetic distance between species can be represented as 2µT (µ, mutation rate; T, divergent time) when mutations are neutral. Therefore, when levels of divergence are compared between two loci, the difference depends on a difference in mutation rates if mutations are neutral and divergent time is assumed to be the same between the two loci.
Because the eight species tested for the ChiA region were also examined for the Adh region (Miyashita et al., 1998) , 28 species pairs could be compared for Adh and ChiA. The ChiA/Adh ratios for Ks and Ka are shown in Table 6 . Ks values of ChiA in all species pairs except that between A. glabra and A. wallichii were lower than those of Adh. Ks in ChiA is, on average, 74.4% of that in Adh. However, Ka was higher in ChiA than in Adh. Because the level of replacement changes is related to the importance of the proteins (Kimura, 1983) , the higher number of replacement changes in the ChiA locus suggests that ADH is better conserved than CHIA.
DISCUSSION
Polymorphism at the ChiA locus in A. gemmifera. We made three common observations in the Adh and ChiA regions of A. gemmifera. The level of variation in A. gemmifera was lower than that in A. thaliana. In both the Adh and ChiA regions of A. gemmifera, most nucleotide substitutions were singletons. In the ChiA coding region, high proportion of replacement polymorphic sites to synonymous polymorphic sites was observed in A. gemmifera compared with Adh.
The high frequencies of both singleton and replacement polymorphic sites have been reported in the ChiA region of A. thaliana when ecotype Ci-0 is excluded (Kawabe et al., 1997) . However, we found the patterns of DNA polymorphism in the ChiA region of A. gemmifera to be more similar to those in the Adh region of A. gemmifera than those in the ChiA region of A. thaliana. The level of polymorphism in replacement sites was similar to that of synonymous sites in the Adh region of A. gemmifera. The ratio of singleton to nonsingleton polymorphic sites in the ChiA region of A. gemmifera (42:1) was not significantly different from that in the Adh region of A. gemmifera (47:4) but was significantly different from that in the ChiA region of A. thaliana without Ci-0 (58:22). Although only two loci could be obtained, the lower level of polymorphisms, the high frequency of singletons, and the high incidence of replacement changes may be characteristics of A. gemmifera. As suggested by Miyashita et al. (1996) , a small effective population size and limited migration between subpopulations could explain these observations. The small effective population size could cause a high incidence of replacement changes, if these changes were slightly deleterious (Ohta, 1973 (Ohta, , 1992 . When level of gene flow between subpopulations is low, an excess of rare alleles can be expected when sampling is done as in the present study in which one strain each was sampled from each subpopulation. Although only four strains were analyzed, the nucleotide diversity in the ChiA region of strains from the same location Minou was lower (0.0013) than that of the pooled data (0.0032). This result also suggests that A. gemmifera has subpopulation structures. To understand the population structure and evolutionary history of A. gemmifera, more chromosome regions and other genetic markers should be analyzed in this species.
High replacement and low synonymous divergence in ChiA. We calculated the Ka/Ks ratio in the ChiA region of eight species and found that Ks was always higher than Ka, indicating adaptive evolution did not occur in the ChiA region. However, the Ka/Ks ratio was higher in closely related species pairs than in distant species pairs. When levels of divergence were compared between Adh and ChiA regions by analyzing replacement and synonymous changes separately, the ChiA regions had lower synonymous and higher replacement divergences than the Adh region (Table 6) . One possible explanation is that limited codon usage has yielded low Ks in the ChiA gene. However, there were no differences in levels of codon usage bias between ChiA and Adh (data not shown), although the codon usage bias could not be compared easily in A. thaliana genes (Miyashita et al., 1998) . Another possibility is that the ChiA region has a lower synonymous mutation rate than the Adh region. The ratio of divergence between Adh and ChiA was almost constant among compared species pairs in both synonymous and replacement sites. Thus, the different levels of divergence between Adh and ChiA may not be due to accelerated or decelerated substitution rates in some specific species. Comparative data is also available between ChiA and chalcone synthase (Chs) and between Adh and Chs on the basis of Chs sequences of A. thaliana, A. glabra, A. griffithiana, and C. petraea from Koch et al. (2000) (Table 7 ). In total, six comparisons were possible. The average ChiA/Chs and Adh/Chs ratios for Ka were 3.07 and 1.82, respectively. The difference in replacement divergences revealed that the ChiA region has the highest substitution rates at the amino acid level of the three loci. Although Ka > Ks was not observed in any species comparisons for ChiA, the high replacement divergence could be a characteristics of chitinase genes. The average ChiA/Chs and Adh/Chs ratios for Ks were 0.74 and 0.97, respectively. This result suggests that levels of synonymous divergence are not different between Adh and Chs, indicating that the ChiA region has especially low levels of synonymous divergence. By analyzing Ks and Ka separately, it may be concluded that the difference in levels of DNA substitutions does not depend on compared species, but on the regions studied. The ChiA region might have a lower substitution rate at the DNA level and lower selective constraint at the protein level than do the Adh and Chs regions. 
